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(Received on July 21, 1989 , revised on April 11, 1990 , and accepted on May 3, 1990) Abstract. 2014 Terms nonlinear with respect to the wave vector at translational oscillation frequencies have been taken into account for a layer system of uniaxial molecules and it has been proved that crystal order can coexist with a shear instability. On this basis a new model of smectic B phase has been proposed where the structure possessed long range translational order in all directions. At the same time interlayer dynamical shear modulus decreases at lower 03C9ap frequencies of an applied strain and equals zero in the static case (03C9ap ~ 0). J. Phys. France 51 (1990) [1769] [1770] [1771] [1772] [1773] [1774] [1775] [1776] 15 AOÛT Interlayer shear modulus C 1313 is not zero and does not depend on the frequency, wap, of an applied strain in ordinary layer crystals [1] . However, experimental studies of layer structures such as smectic B liquid crystals have shown [2, 3] that the shear modulus C 1313 decreases at lower W ap and tends to zero at w ap --&#x3E; 0. At the same time long range translational order is retained in all directions in space in smectic B [4] [5] [6] . According to theoretical concepts [7] simultaneous coexistence of crystal order and shear instability contradicts the Landau-Peierls theorem [8] .
Hence, these experimental results should be correlated with the Landau-Peierls theorem.
To solve this problem terms nonlinear with respect to wave vector K at translational oscillation frequencies are taken into account in this paper and a new model of smectic B is proposed on this basis. On the basis of this model experimentally observed structural peculiarities of smectic B are explained and the crystal smectic B phase transition is described.
It should be noted that at present not only the existence of translationally ordered smectic B has been proved but a hexatic [9] phase has been found [6] that is also called smectic B. However, hexatic phases will not be considered in this paper. A phase having long range translational order in all directions will be called smectic B.
Let us consider a layered structure formed by long thin molecules normal to the layers and characterized by hexagonal crystalline symmetry. Let [10] [11] [12] Here the first seven summands are the elastic energy of the atomic crystal [13] . [15] (n 1 = {O, 0, 1 } : n 2 1 n 1 ) in these crystals. Substituting a molar volume Vm = 700 cm3/mole [16] and supposing that we get C 3131 -C 1313 e-6 x 10 8 dyn/cm2. This value corresponds satisfactorily to the experimental data [ 17] according to which C 3131 -C 1313 = 11 x 108 dyn/cm2 in crystalline TBBA phase.
The last summand in (1) accounts for the effect of oriêntational deformations on the translational ones. This summand was discussed [10, 11 ] when studying translational order in columnar mesophase formed by disc-like molecules. It would be reasonable to assume in the structure in question (that has crystalline symmetry) that the ends of molecules in one layer are rigidly connected with the ends of molecules in the neighbouring layers (e.g., it is possible in close packing).
It is easy to see in this case that one of the effects caused by bend deformation is the shear of layers parallel to each other, i.e. ni = Uiz + 03C8 (UaB) (i = x, y ; a, /3 = x, y, z). Substituting this relation into the expression of the bend deformation energy Fb = 1/2 K33 (n x rot n )2 we get 2 the last summand in (1) [12] Hereafter M is the molecule mass, f is the lattice spacing, l 3 is the layer spacing i is the wave vector (i = x, y, z ). using the expression [12, 13] for atomic crystal frequencies, taking into account (3) and the correction nonlinear with respect to the wave vector (5) we get for the molecular system considered [ 12, 18] On the basis of (6)- (8) we can get [10] [11] [12] 18] [7, 19] of smectic B. The first « 2-dimensional » model [19] is based on the assumption that the inter-layer shear modulus C 1313 equals zero. Here terms nonlinear (proportional to 0z 4 with respect to the wave vector in the frequencies (6), (7) are not taken into account.
The elastic properties of the system within this model are evident C 1313 = 0 for any frequency of applied strain.
To study the correlational properties of the system let us substitute (6) and (7) into (9) and (10) . We get Q (L3) = 0 at any L3, U2&#x3E; --&#x3E; oo. It means that the layers are not correlated and translational order within the « 2-dimensional » layers is destroyed in accordance with the Landau-Peierls mechanism [8] .
, This model corresponds to experimental data [2, 3] according to which C 1313 --&#x3E; 0 when wap --&#x3E; 0. At the same time it contradicts fairly reliable experimental data proving that C1313 # 0 when lù ap # 0 [2, 3, 20, 21] and there is long range translational order within the layer. On this basis the conclusion can be made that this model is incorrect for smectic B.
In terms of the alternative « crystalline » smectic B model [7] it is assumed that C 1313' though very small, does not There exists a point of view [2, 3] [4] [5] [6] . Disputability of the point of view discussed here is also evident from reference [22] . It is shown in this paper that C 1313 increases with increasing frequency v in smectic B and can be even greater than in a crystal at greater frequencies v -0.1 THz.
Let us now analyse a conclusion [2, 3] that the conversion into zero of the statical shear modulus is due to emission and climb of edge dislocations. We note that the estimation [2] of the ratio, El (T/2), (E = C 1313 Q2 l3 is cohesive energy) is, obviously, not quite correct. An ideal lattice shear modulus which may be of order 108 dyn/CM2 according to the point of view discussed in and to the results from [20, 22] is to be introduced into this ratio. Then E/(T/2) ~ 1. The condition E T/2 does not, obviously, correspond to the phase considered because the ideal lattice shear modulus is to be zero in this case (i.e., C 1313 = 0 at any lIJ ap, layers are not correlated, crystalline order within the layer is disturbed).
If E &#x3E; T/2 then the motion of edge dislocations may lead to plastic strain at rather great stresses 6 &#x3E; ao only. C 1313 decreases rapidly with increasing a in this case. Such a behaviour of C 1313 has not been observed in experiments.
Let us now, assume that C1313 = 0 and nonlinear (proportional to 0j corrections in the frequencies (6), (7) are not zero. According to (3) the shear modulus C3131 characterizing bend of layers can be other than zero in this case due to the presence of orientational order. A state when C 1313 = 0 and all the other coefficients are other than zero at the frequencies (6)- (8) is discussed as a model of smectic B in this paper.
We discuss translational order in the direction normal to the layers. Taking into account C33 » C 3131 [17, 20] and integrating (11) we get Assuming that at least order of magnitude C3131 -C 1313 -108 dyn/cm2 is not changed at the crystal-smectic B transition (i.e., assuming that C3131 ~ 108 dyn/cm2) and substituting T/k = 400 K, C33 = 1.2 x 101° dyn/cm2 [17] , f = 5 Â we get /(U7 _ 1.6 Â «l3 "'" 30 À.
This result corresponds to experimental data [23] , Q -1-2 Â and according to (14) proves that the system considered has crystalline order in the arrangement of layers.
On the basis of the above-stated a conclusion can be made that the elastic stability of smectic B relatively to the bend of layers as well as the existence of long range translational order in the direction normal to the layers are due to the presence of orientational order. Now we analyse the system stability with respect to shear of layers parallel to each other. It can be seen from (4) that the system is unstable against linear (Ui,, = 0, i = x, y ) deformations F(Ui = 0) = F(Ui = Pi Z) (Pi = Cst.) in the case considered. Nonlinear deformations (Uizz =F 0) lead to the elastic energy increase, i.e., cause restoring forces. It is evident that such deformations take place if the applied strain is time-dependent.
For the quantitative description of « nonlinear » restoring forces from (4), (5) Using (16) it is possible to estimate the Frank constant, K33, is smectic B. Substituting C'f -7 x 10g dyn/cm2 at 2 71' / Kz = 5 145 Â [20] into (16) T/k = 400 K, f=5Á, l3=30Á into (17) and using [17] Cll=2.6xl010dyn/cm2, C 66 = 4.9 x 10 9 dyn/cm2 we get U2&#x3E; = 0.3 À f. This result is in agreement with experimental data [23] and proves the existence of long range translational order within the layer.
To describe interlayer correlations we compare (9) , (10) . It is easy to note that x(L3) 4 U2). Hence, according to (12) and (13) it follows that the layers are correlated both in the case discussed and in all other cases when there is crystalline order within the layer.
The result obtained -coexistence of crystalline order and static shear instability -is based on the account of nonlinear effects. If C 1313 = 0 then nonlinear terms provide the convergence of the integrals (9), (10) . It indicates that « nonlinear » restoring forces provide interlayer correlations and stabilize 3-dimensional crystalline order within the layers.
Let us consider the crystal-smectic B transition. This transition is accompanied by the entropy jump, ASCB, it is the first order transition [16, 24] . It [25] and assume that an equal heat amount of the transition corresponds to each degree of freedom. Then the entropy jump can be connected with the change of elastic moduli [8, 12, 18] Here So is the entropy jump of the 1-dimensional atomic chain at the isothermal change of its elastic modulus from C33(Cr) to C 33 ( B ), P = C /k is a number of degrees of freedom, C is , the heat capacity, C33(Cr) and C 33 ( B ) are the elastic moduli in the crystal and smectic B, respectively. Substituting [17] C33(Cr) = 1.4 x 101° dyn/cm2, C 33 ( B ) = 1.2 x 101° dyn/cm2 and C = 120 cal/mole.K [16] into (18) for TBBA we get ASCB = 9 cal/mole.K. This result is in satisfactory agreement with experimental data [24] according to which, for example, ASCB = 10 cal/mole.K for TBBA.
Notice that the relation (18) does not contradict the general definition [8, 25] of entropy according to which it is expressed by the distribution function of the system. The fact is that lower elastic moduli lead to greater interparticle distances and thermal fluctuations. The change of the distribution function and, hence, of the system entropy is due to this.
To summarize, a new model of smectic B based on the account of nonlinear effects is proposed in this paper. According to the model smectic B possesses real long range translational order in all directions. At the same time the interlayer shear modulus decreases with decreasing frequency of an applied strain and equals zero in the static case. A conclusion is made that the system symmetry change is not a factor determining an entropy jump at the crystal-smectic B transition. This jump is connected with the change of elastic moduli. It should be noted that the main idea of this paper (i.e., the fact that nonlinear effects are to be taken into account when the system is characterized by shear instability) has been used in [12, 18] for studying correlational and elastic properties of partially ordered smectic phases. A supposition can be made that nonlinear effects should be always taken into account in the presence of shear instability.
